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ABSTRACT: Surface-enhanced, spatially oﬀset Raman spectroscopy (SESORS)
combines the remarkable enhancements in sensitivity aﬀorded by surface-enhanced
Raman spectroscopy (SERS) with the non-invasive, subsurface sampling capabilities
of spatially oﬀset Raman spectroscopy. Taken together, these techniques show great
promise for in vivo Raman measurements. Herein, we present a step forward for this
technique, demonstrating SESORS through tissue analogues of six known and varied
thicknesses, with a large number of distinct spatial oﬀsets, in a backscattering optical
geometry. This is accomplished by spin-coating SERS-active nanoparticles (NPs) on
glass slides and monitoring the relative spectral contribution from the NPs and tissue
sections, respectively, as a function of both the tissue thickness and the spatial oﬀset of
the collection probe. The results show that SESORS outperforms SERS alone for this
purpose, the NP signal can be attained at tissue thicknesses of >6.75 mm, and greater
tissue thicknesses require greater spatial oﬀsets to maximize the NP signal, all with an
optical geometry optimized for utility. This demonstration represents a step forward
toward the implementation of SESORS for non-invasive, in vivo analysis.
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■ INTRODUCTION
Surface-enhanced Raman spectroscopy (SERS) is a powerful
analytical technique that relies on an enhanced electromagnetic
ﬁeld near the surface of a metal nanostructure to amplify a
traditionally weak Raman signal to impressive levels,1
facilitating detection at the single-molecule limit.2,3 Theoretical
electromagnetic enhancement factors on the order of 1010,11
have been reported,4 vastly improving detection limits for a
number of SERS-based assays. In addition, the amenable
surface chemistry of gold and silver nanoparticles (NPs) has led
to the development of biofunctional nanoprobes, optimized for
detection both in vitro and in vivo, with a NP core, Raman
reporter, stabilizing layer, and biomolecule functionalization to
target speciﬁc biomarkers of interest.5−7
One drawback of Raman measurements made in vivo is the
surface selectivity of the measurements; the observed spectrum
is dominated by contributions from the surface layer of the
sample. While longer excitation wavelengths can be used to
enhance tissue penetration and advancements have been made
in terms of instruments purpose built for in vivo Raman
imaging,8−11 gathering spectral information from the subsurface
remains a challenge.12 One method that allows for collection of
spectral information from the subsurface in a multilayered
sample is spatially oﬀset Raman spectroscopy (SORS).13,14
SORS makes use of an applied spatial oﬀset between the points
of excitation and collection in a Raman measurement to collect
photons that have been scattered by the subsurface medium.
Comparisons between the spectra collected with no oﬀset
(surface measurements) and those collected with a lateral oﬀset
(subsurface measurements) allow one to delineate the
diﬀerences in composition at depth. SORS of bone tissue has
been demonstrated in vivo in both mice15 and humans16 in an
attempt to elucidate composition, with bone signals detected
from depths of ≤2 mm.16
The ﬁeld of surface-enhanced, spatially oﬀset Raman
spectroscopy (SESORS) has emerged in an attempt to couple
the sensitivity aﬀorded by SERS with the subsurface probing of
SORS to allow detection at even greater depths, with an eye
toward performing measurements in vivo. The ﬁrst successful
demonstration of SESORS17 and subsequent work18,19 have
shown detection of NPs at impressive depths (≤50 mm);
however, this work utilized what can be classiﬁed as an extreme
spatial oﬀset, with a 180° angle between excitation and
detection. While these are exciting developments, this is not
entirely practical for all applications where researchers might
wish to detect SERS NPs at depth through tissue samples
where a 180° oﬀset might not be possible. In similar work, Dey
et al.20,21 have demonstrated SESORS with a backscattering
geometry for particles injected into a section of proteinaceous
tissue at two depths (3−4 and 7−8 mm) and drop-cast under a
thin section (1−2 mm) of lipid-rich tissue. Van Duyne et al.
have used an optical ﬁber in a backscattering optical
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conﬁguration to perform SESORS with rat models, with the use
of a ﬁlm-over-nanosphere substrate serving as the SERS
enhancement mechanism.22,23 Utilizing similar instrumentation,
Sharma has demonstrated detection of nanotags through bone
of varied thickness, with the signal obtained from NP tags
injected into tissue adjacent to the bone.24 Each of these
backscattering studies relies on a single, ﬁxed spatial oﬀset,
corresponding to the distance between a central excitation
point and an annular arrangement of collection ﬁbers, and/or
studies a very limited number of tissue thicknesses. Both spatial
oﬀset and tissue thickness need to be studied together in a
robust, coherent fashion to clearly demonstrate their relation in
SESORS measurements.
Herein, we demonstrate backscattering SESORS through
tissue analogues of six known and varied thicknesses, with NP
tags as the enhancing medium, measuring spectra at a large
number of spatial oﬀsets per tissue thickness. By spin-coating
nanotags and characterizing the result, we determined the ﬁxed
distribution of the particles in these experiments, allowing a
limit of tissue thickness to be established for the optical system
as described. In addition, studying multiple tissue thicknesses
and many spatial oﬀsets together allows for an explicit
understanding of the interrelated eﬀects of the two variables
on the Raman spectrum. This advancement is an informative
step forward toward using SESORS for in vivo measurements
and perhaps in clinically relevant environments.
■ EXPERIMENTAL SECTION
Instrumentation. Measurements were performed using an in-
house built SORS system, based on the design by Shand and co-
workers.25 A 785 nm laser (Innovative Photonics Solutions) with
attenuable output was coupled to one of two ﬁber-optic Raman probes
(Wasatch Photonics) with built-in ﬁltering optics. Raman probes were
mounted on independent xyz translation stages with rotation mounts
(ThorLabs) for precise and reproducible positioning and to provide a
convenient means of directly measuring spatial oﬀsets. A single probe
was used in measurements with no spatial oﬀset (dx = 0), whereas in
SORS/SESORS measurements, both probes were utilized: probe 1 for
excitation and probe 2 for collection. The two probes were angled at
approximately 90° to each other. In each case, the collection probe is
coupled to an f/1.3 Raman spectrometer (WP 785, Wasatch
Photonics). In a typical experiment, spectra were collected for 100−
1000 ms using a laser power of 400 mW. Raman spectra were
processed using Igor Pro 6.3 (Wavemetrics) and Matlab 2014a
(MathWorks). Spectral normalization and averaging were applied in
speciﬁc instances.
Dark-ﬁeld images were acquired using a 50×, 0.55 NA Nikon
objective on an in-house microscope described elsewhere26 and
processed in ImageJ.27 The images were processed by setting a
threshold to distinguish particles from the background and using the
“Analyze Particles” feature to calculate a percent area, which serves as a
percent coverage of NP tags in the image.
Sample Preparation. A test sample for proof of concept and
benchmarking experiments was made by curing vacuum-degassed
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) in a
polystyrene (PS) cuvette at 60 °C for 3 h. This results in a sample with
Raman spectra of the surface distinct from those of the subsurface.
Samples for SESORS experiments were prepared by spin-coating
commercially available SERS NP solutions (originally supplied by
Cabot Corp., Boston, MA, types S403, S421, and S440) on glass slides.
Stock particles were centrifuged (500 μL, 6000 rpm, 20 min) and
resuspended in 1000 μL of ethanol (Sigma-Aldrich), to a ﬁnal dilution
of 1:1. Glass slides (VWR) were rinsed in methanol (Sigma-Aldrich),
dried under nitrogen, and treated in oxygen plasma for 1 min prior to
being coated. Spin-coating was performed by dropping 20 drops of the
NP solution onto the slide and spinning the slide at 2000 rpm for 60 s.
The tissue analogues used in SESORS experiments were thinly sliced
sections of pork belly, sliced to a thickness of 1.35 mm, purchased
from a local market. Pork has been used in related work as a human
tissue analogue.18 Sections were cut into approximately 25 mm × 25
mm squares.
■ RESULTS AND DISCUSSION
Instrument Validation. The initial experiments performed
with the SORS instrument, shown in Figure 1, were designed to
conﬁrm that the conﬁguration did indeed result in SORS
measurements. As described previously, a test sample of PDMS
cured into a PS cuvette was prepared to provide a sample that is
layered with spectrally distinct species, to obtain a “surface”
spectrum at dx = 0, and a subsurface spectrum at an arbitrary
dx > 0. As seen in Figure 2, the Raman spectrum of the cuvette
alone with a single probe (a) matches the spectrum collected
with both probes overlapped and no spatial oﬀset (b; dx = 0
mm). There is clear spectral overlap between spectra a and b,
evidenced by the presence of Raman peaks at 620, 1001, 1031,
and 1602 cm−1. When a spatial oﬀset of 2 mm is applied to the
collection probe, the spectrum obtained (c) compares favorably
to the spectrum of pure PDMS collected with a single probe
(d). Oﬀset spectrum c shows stretches from the subsurface
PDMS (487, 616, 709, and 1409 cm−1), as well as a subtle trace
of the surface (PS) layer, with a weak peak at 1001 cm−1. This
serves as conﬁrmation that the system, as assembled, is allowing
collection of SORS spectra and gathering of spectral
information from a subsurface layer when an oﬀset is applied
in the x-direction.
Figure 1. Photograph and schematic of the Raman spectrometer used in SORS and SESORS experiments.
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SESORS Sample Characterization. The spin-coated slides
to be used in SESORS experiments were ﬁrst characterized
without tissue present to ensure a consistent NP distribution
and a Raman signal across the surface of the slide. A
representative summary of this characterization is shown in
Figure 3. The samples were characterized in two, correlated
ways; nine dark-ﬁeld (DF) images and nine Raman spectra
were collected on each slide at the positions shown in Figure
3a. Dark-ﬁeld images were then processed in ImageJ by
applying a threshold to the raw image and then using the
“Analyze Particles” tool to measure the percentage area of NPs
in the image, as shown in Figure 3b. Panel c shows the
respective DF images collected at the positions indicated in
panel a, while panel d shows the Raman spectra from these nine
positions (in colored, dashed lines) and the averaged spectrum
(solid black line). The images and spectra presented
demonstrate that the distribution of particles and Raman
intensity across the slide is relatively homogeneous when
compared to results obtained by drop-casting particles, which
can result in collections or voids of particles, as in the coﬀee
ring-like distribution observed under common conditions.28,29
This consistency will be of value when performing SESORS
measurements, minimizing the potential for spectral variation
that can be attributed to an inconsistent particle and Raman
signal distribution. Also of note, the error (relative standard
deviation) in the DF percentage area (16.6%) is greater than
the error in the Raman intensity (13.4%); this result is
consistent with what has been previously observed for two-
dimensional, planar SERS substrates.30
SERS versus SESORS. After characterization of the spin-
coated samples and validation of the SORS instrument, the
initial experiments with coated slides and tissue analogues were
performed. The ﬁrst experiment was designed to show that for
the detection of the NP signal from the substrate embedded in
tissue, the use of two probes with a spatial oﬀset (i.e., SESORS)
provides an improvement over the use of a single probe with a
change in axial focus through the tissue (SERS). In addition,
this experiment is a means of demonstrating that the observed
SESORS spectra are not merely a consequence of the change in
axial focus (dz) as the angled probe is moved in the x-direction.
Figure 2. Comparison of the Raman spectra of (a) the polystyrene
cuvette, (b) the test sample with no spatial oﬀset (dx = 0), (c) the test
sample with a spatial oﬀset of 2.0 mm (i.e., dx = 2.0 mm), and (d)
pure PDMS. Spectra are normalized and oﬀset for the sake of clarity (λ
= 785 nm; t = 1000 ms; one acquisition).
Figure 3. Characterization of type S440 SESORS samples via dark-ﬁeld (DF) imaging and Raman spectroscopy. Measurements were taken at the
indicated sample positions (a). Dark-ﬁeld images were processed in ImageJ via thresholding and the “Analyze Particles” tool (b) to calculate the
percent area of particle coverage. The DF images (c) show consistent particle coverage from the spin-coating process (16.6% RSD in the particle
area). Raman spectra (d) at correlated positions (colored, dashed traces) show consistent Raman intensity (13.4% RSD) when compared to the
average spectrum (solid black trace). DF: scale bar, 50 μm. Raman: λ = 785 nm; t = 100 ms; one acquisition.
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To perform this comparison, a single layer of pork (1.35 mm
thick) was placed on top of the NP-coated slide with a 1:1
dilution of S421 particles. For the single-probe experiment, the
focus was adjusted via the micrometer in an attempt to focus
through the surface layer (tissue) to obtain the signal from the
subsurface (NPs on slide), whereas in the two-probe experi-
ment, the probes were ﬁrst overlapped by maximizing the
surface signal and then the collection probe stepped oﬀ in the
x-direction at regular intervals.
Representative spectra for both experiments are shown in
Figure 4. In the single-probe experiment (a), an attempt to
focus through the tissue onto the slide (dz = 4.9 mm) resulted
in a relatively weak contribution from the NPs on the slide
below (peaks at 1198 and 1581 cm−1) and a spectrum that is
more representative of the surface (i.e., tissue) spectrum
(stretches at 1297, 1438, and 1656 cm−1). However, in the two-
probe experiment, the application of a spatial oﬀset (dx = 6.37
mm) was shown to diminish the signal obtained from the
surface layer (tissue), increasing the relative spectral contribu-
tion from the subsurface layer (NPs) as expected in a SORS or,
in this instance, SESORS measurement. In addition to the NP
signal, a spectral contribution is observed from the glass slide
between 1300 and 1500 cm−1, similar to what is observed in the
reference spectrum from the SESORS sample. This conﬁrms
that for the measurement at hand, the two-probe SESORS
collection conﬁguration delivers drastically improved results
compared to the measurements made with a single probe and
variable axial focus.
Tissue Thickness in SESORS Experiments. With the
SESORS measurement methodology established, the limits of
tissue thickness were tested by adding multiple layers of tissue.
In these experiments, layers of tissue were built upon the NP-
coated slide (S421, 1:1 dilution) to obtain thicknesses ranging
from 1.35 to 8.10 mm. As before, spectra were collected at
regular intervals as the spatial oﬀset (n ≥ 30 steps; ∼0.6 mm/
step) was applied. The results of these experiments are shown
in Figure 5.
Figure 5a shows reference spectra from the tissue (bottom)
and NP S421 (top) in gray and representative spectra of tissue
at varied thicknesses. The spectra correspond to increasing
thicknesses of tissue: black for 1.35 mm, red for 2.7 mm, orange
for 4.05 mm, green for 5.40 mm, blue for 6.75 mm, and purple
for 8.10 mm. As shown in Figure 5a, all Raman signals become
weaker as the tissue thickness is increased; the nanoparticle
signal can be obtained to a thickness of 6.75 mm, with a
diminished contribution from the surface layer. This is
encouraging for in vivo work, as the average human skin
thickness is on the order of 1−5 mm.
A peak ratio of NP to tissue (1580/1063 cm−1) was used to
measure the relative contribution of NPs to tissue in a given
Figure 4. Comparison of (a) SERS (one probe) z-variation vs (b) SESORS (two probes) x-variation measurements with a constant thickness of
tissue. The black and gray spectra are those of the pure tissue and nanoparticle (type S421), respectively, while the red spectra represent the zero-
oﬀset measurement (dz = 0; dx = 0). The blue spectrum in panel a represents a change (dz = 4.9 mm) in the z-direction for a single probe (change
in only the focus), whereas the blue spectrum in panel b represents a change in the x-direction (dx = 6.37 mm) of the collection probe (SESORS).
Spectra are normalized and oﬀset for the sake of clarity (λ = 785 nm; t = 500 ms; one acquisition).
Figure 5. SESORS experiments with variable tissue thicknesses. Panel a shows reference spectra for the tissue (bottom, gray) and S421 NPs (top,
gray) and spectra collected with increasing tissue thicknesses (black for 1.35 mm, red for 2.7 mm, orange for 4.05 mm, green for 5.40 mm, blue for
6.75 mm, and purple for 8.10 mm). Dotted sight lines are shown to indicate NP peak positions. Panel b shows the nanoparticle/tissue signal ratio
(1580/1063 cm−1) as a function of spatial oﬀset (dx) in millimeters, with the colors corresponding to the same tissue thicknesses in panel a. The
representative spectra in panel a are taken from the maximal point in the corresponding curve in panel b. All spectra are normalized and oﬀset for the
sake of clarity (λ = 785 nm; t = 500 ms; one acquisition).
ACS Applied Materials & Interfaces Research Article
DOI: 10.1021/acsami.7b09197
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX
D
spectrum. The representative spectra shown in Figure 5a are
taken from the maxima for the curves in Figure 5b. Figure 5b
shows the NP/tissue ratio (peaks at 1580/1063 cm−1,
respectively) as a function of ≥30 spatial oﬀsets (dx); 1063
cm−1 was selected as a tissue signal to avoid contributions from
the aforementioned glass interference between 1300 and 1500
cm−1. Generally, the ratio increases as a function of dx and then
gradually falls oﬀ, approaching 1 at large oﬀsets, where the
spectra are dominated by noise. These curves show that as the
tissue thickness increases, the spatial oﬀset required to obtain
the maximal NP/tissue signal ratio also increases. In other
words, the greater the tissue thickness, the greater the spatial
oﬀset needed to obtain the signal from the subsurface nanotags.
While perhaps intuitive, this conclusion can be credibly reached
only by explicitly measuring the eﬀects on the Raman spectrum
of both the spatial oﬀset and the tissue thickness.
The data in Figure 5 can also be represented as a series of
three-dimensional heat maps, shown in Figure 6. The ﬁgure
shows the normalized spectral intensity (blue to red color
scale) as a function of Raman shift (cm−1, y-axis), spatial oﬀset
(dx in millimeters, x-axis), and tissue thickness (total section
thickness shown in millimeters). At the Raman frequencies of
interest (1063 and 1580 cm−1 for the tissue and S421 NPs,
respectively), the spectral intensity varies disparately as a
function of both spatial oﬀset and tissue thickness. The peak
associated with the tissue is consistent across the measurements
and largely insensitive to the increase in tissue thickness,
showing only a slight increase in normalized intensity at greater
tissue thicknesses and large dx values. On the other hand, the
peak associated with the NPs is highly sensitive, showing drastic
variance with respect to both of the aforementioned variables.
At a small tissue thickness (1.35 mm), the peak dominates the
normalized spectrum at all measured spatial oﬀsets, at dx values
from approximately 2 to 18 mm. As the tissue thickness
increases through the frames, we see a marked increase in the
onset of NP signal dominance of the spectrum when
considering the spatial oﬀset; that is, as the tissue thickness
increases, a greater spatial oﬀset is required to obtain spectra
with a relatively large NP contribution. This is the same trend
observed in Figure 5b. In addition, as the tissue thickness
increases, the width (in dx) over which the NP spectrum
dominates is narrowed. Finally, the last frame demonstrates
limits of this methodology as described. For a suﬃciently large
tissue section (8.10 mm), very little Raman intensity associated
with NPs is observed, and for all tissue thicknesses, at a
suﬃciently large dx, the spectrum becomes ﬂattened and is
dominated by noise.
■ CONCLUSION AND FUTURE DIRECTIONS
This work shows an unprecedented advancement forward for
SESORS in that it demonstrates the use of the methodology in
a backscattering geometry with spin-coated NP tags, a layer-by-
layer analysis of tissue thickness to determine the system’s
limits, and the importance of modulating the spatial oﬀset as a
function of tissue thickness to maximize the NP tag signal. The
conﬁguration herein allows for the study of the interrelated
Figure 6. Series of heat maps showing the change in normalized spectral intensity (blue to red scale) as a function of Raman Shift (cm−1, y-axis),
spatial oﬀset (dx in millimeters, x-axis), and tissue thickness (thickness in millimeters). Visual aids have been added to highlight Raman frequencies
associated with both the tissue and subsurface S421 NPs. Notable features are the increase in dx required to obtain a NP-dominated spectrum as the
tissue thickness increases and the incongruous trends in normalized intensity between the peak associated with the tissue section (1063 cm−1), which
is generally consistent, and the highly sensitive peak of the NPs (1580 cm−1) (λ = 785 nm; t = 500 ms; one acquisition).
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eﬀects of the spatial oﬀset and tissue thickness. It also makes
SESORS more applicable when compared to previous work
with tissue and NPs as an enhancing medium, which was
performed with either a single or extreme (180°) spatial oﬀset.
With SERS tags uniformly coated on a glass slide as the
subsurface material, the signal could be attained without undue
data processing or treatment at a tissue thickness of 6.75 mm,
helping to open the possibility of further SESORS measure-
ments in vivo. To date, this work addresses only one of the
practical limits of the technique, depth; this boundary can and
will be pushed forward with more sensitive particles, elegant
instrument design, and technological developments. Addition-
ally, other frontiers for investigation in SESORS exist, such as
establishing a minimal NP concentration for detection at a
given tissue thickness and further optimization and demon-
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